Introduction: The goal of this study was to identify serum markers that are modulated by treatment with golimumab with or without methotrexate (MTX) and are associated with clinical response.
Introduction
Rheumatoid arthritis (RA) is characterized by the presence of proinflammatory cytokines, tissue-destructive enzymes, and bone degradation products in the blood, synovium, and joints. The success of antitumor necrosis factor α (anti-TNF-α) therapies in controlling RA indicates that TNF-α is a key controlling factor in driving inflammation and associated bone degradation. Several markers are known to be related to disease progression in RA (C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), anti-cyclic citrullinated peptide (anti-CCP) antibodies, rheumatoid factor, and osteoprotegrin-receptor activator of nuclear factor (NF)-B ligand) [1] [2] [3] , but better clinical response markers are needed to assist rheumatologists in selecting treatments most likely to benefit any particular patient. Several studies have shown that reductions in CRP [4] [5] [6] [7] and anti-CCP antibodies as well as rheumatoid factor [5, 8, 9] are associated with improvements in clinical response in patients treated with anti-TNF-α therapies. Baseline levels of intracellular adhesion molecule-1 (ICAM-1) and cartilage oligomeric matrix protein (COMP) have been associated with response in RA patients treated with adalimumab [6] . More recent studies have identified that apolipoprotein A1 [10] , serpin, and S-100-related proteins are associated with response to infliximab treatment [11] . We also recently showed that changes in E-selectin, interleukin (IL)-18, serum amyloid A, and matrix metalloproteinase-9 (MMP-9) are associated with improvement in clinical response measures in a phase 2 study of patients with active RA despite methotrexate (MTX) therapy, who were treated with golimumab (a human monoclonal antibody to TNF-α) [12] . Overall, these studies included small numbers of patients and limited datasets, making it difficult to test the reproducibility or predictive power of these preliminary results; however, several of these studies showed weak associations (r values or odds ratios) between the identified biomarkers and specific clinical response measures.
In the current study, our primary objective was to evaluate approximately 100 different serum proteins by using multiplex and single-plex assay platforms (enzyme-linked immunosorbent assay (ELISA) and Luminex) to identify markers modulated by golimumab treatment in patients with RA. The secondary objective was to determine whether any of these markers is strongly associated with multiple clinical measures in response to golimumab. Our last objective was to evaluate whether the preliminary test results could be confirmed in a larger set of patients from the same study.
Materials and methods
The details of the GO-FORWARD study have been previously published [13] . In brief, patients with active RA despite MTX were randomly assigned in a 3:3:2:2 ratio to receive placebo plus MTX (group 1); golimumab, 100 mg plus placebo (group 2); golimumab, 50 mg plus MTX (group 3); or golimumab, 100 mg plus MTX (group 4). At week 16, patients in groups 1, 2, or 3 who had less than 20% improvement from baseline in tender and swollen joints entered early escape. Patients in group 1 received golimumab, 50 mg, while continuing MTX; patients in group 2 received MTX while continuing golimumab, 100 mg; and patients in group 3 had their golimumab dose increased from 50 to 100 mg while continuing MTX. Patients who were originally assigned to group 4 were not eligible for treatment adjustment.
As reported previously [13] , this study was conducted in accordance with the Declaration of Helsinki and good clinical practices. The protocol was reviewed and approved by each site's institutional review board or ethics committee. All patients provided written informed consent before undergoing study-related procedures.
Sites were randomly chosen for biomarker testing. Biomarker analysis was conducted on an initial subset of 100 consecutively enrolled patients from the GO-FORWARD study (hereafter referred to as the "training" subset). Samples from an additional 236 consecutively enrolled patients assigned to golimumab plus placebo and golimumab plus MTX groups (hereafter referred to as the "test" subset) from this same study were subsequently analyzed to evaluate the reproducibility of the training set results. Patient sera were collected at weeks 0, 4, 14, and 24. Samples were tested for selected markers by using Luminex and ELISA platforms by Quintiles Laboratories (Marietta, GA) and Pacific Biometrics (Seattle, WA). The individual markers selected for these analyses included bone alkaline phosphatase, COL 2-3/4C long neoepitope, deoxypyridinoline, hyaluronic acid, IL-6, IL-8, ICAM-1, MMP-3, N-terminal propeptide of type 1 procollagen (P1NP), osteocalcin, pyridinoline, TNF-α, and vascular endothelial growth factor (VEGF). The samples also were analyzed by Rules Based Medicine (Austin, TX) using the HumanMAP version 1.6 protein-profiling analysis [14] . The HumanMAP profiling analysis included 92 analytes. Some of the selected markers listed above were also included in this profile analysis (IL-6, IL-8, ICAM-1, MMP-3, TNF-α, and VEGF).
Only markers for which 20% or more of samples were above the lower limit of quantification were included in the subsequent data analysis. Biomarker data were log 2 transformed. Changes from baseline were tested by using one-sample t tests. Pearson correlation was used to measure the association between biomarker levels and clinical response. Logistic regression models were used to test for the association between biomarker levels and clinical response measures and patient reported outcomes. Clinical response was evaluated by using the American College of Rheumatology response criteria (ACR 20 and ACR 50) and the Disease Activity Score using 28 joints (DAS 28). Health-related quality of life was evaluated using the 36-question Short Form Survey (SF-36). Fatigue was evaluated using the Functional Assessment of Chronic Illness Therapy-Fatigue (FACIT-F). Prediction models were developed by using logistic regression. Model accuracy (sensitivity, specificity, negative predictive value (NPV), and positive predictive value (PPV)) was estimated by using cross validation.
To account for multiple testing, a false discovery rate (FDR) analysis was performed. The FDR analysis was used to define a P-value threshold at which the FDR would be approximately 5% to 10% and it accounted for the fact that the biomarkers studied were not independent but showed marker-to-marker correlations.
Results
Of the 107 biomarkers evaluated, 78 (73%) met the prespecified criteria for inclusion in the data analysis (that is, 20% or more of all samples were above the lower limit of quantification for the assay). As discussed in more detail later, we found significant relations to efficacy for biomarkers in the following general categories: acute phase reactants (α 1 -antitrypsin, CRP, haptoglobin, serum amyloid P, von Willebrand factor), bone metabolism factors (hyaluronic acid, pyridinoline, P1NP), coagulation factors (lipoprotein(a), plasminogen activator inhibitor-1 (PAI-1), factor VII), hematologic factors (complement 3, ferritin, myoglobin), inflammatory markers (CD40, ENRAGE (S100A12), epithelium-derived neutrophil-activating protein 78 (ENA-78), IL-1 receptor agonist, IL-6, IL-16, ICAM-1, macrophage inflammatory protein (MIP)-1α, MIP-1β, MMP-3, monocyte chemotactic protein-1 (MCP-1), monocyte/macrophage-derived chemokine (MDC or CCR-4), myeloperoxidase, tissue inhibitor of metalloproteinases-1 (TIMP-1), TNF receptor 2, VEGF), metabolic factors (adiponectin, apolipoprotein A1, apolipoprotein C3, leptin), and other factors (thyroxine-binding globulin, basic fibroblast growth factor (bFGF), carcinoembryonic antigen, stem cell factor, insulin, cancer antigen 125, serum glutamic oxaloacetic transaminase (SGOT), sex hormone-binding globulin (SHBG)).
Baseline characteristics
Baseline characteristics for the training and test subsets are displayed in Table 1 . The test subset was generally similar to the training subset, although the golimumab 50 mg plus MTX group in the training subset had a higher proportion of women than the other treatment groups in the training subset.
In the test subset, mean baseline marker levels were similar among the treatment groups, with the exception of levels of myeloperoxidase, thyroxine-binding globulin, vascular cellular adhesion molecule-1, and TNF-α (data not shown). In the training subset, differences among the treatment groups were observed in mean myeloperoxidase and prostatic acid phosphatase levels only (data not shown). These treatment-group differences did not affect the results of the subsequent analyses. Additionally, biomarker levels were generally similar between responders and nonresponders at baseline (data not shown).
Changes from baseline in biomarker levels
In the training dataset, significantly greater decreases from baseline to week 4 (P < 0.01) in the mean levels of 14 markers as well as an increase in P1NP were observed in the golimumab plus MTX groups compared with the placebo plus MTX group. Log 2 transformed values for these markers at baseline and week 4 are shown in Figure 1a . Markers with significant changes included a metabolic factor (leptin), acute-phase reactants (α 1 -antitrypsin, von Willebrand factor, serum amyloid P, haptoglobin, and CRP), a coagulation factor (lipoprotein(a)), a bone-metabolism factor (P1NP), inflammatory markers (ICAM-1, MMP-3, ENRAGE, and TIMP-1), a hematologic factor (complement 3), and thyroxine-binding globulin.
In the test dataset, a larger set of markers significantly changed after 4 weeks (Figure 1b) . In addition to the markers identified earlier in the training dataset, changes were observed in inflammatory markers (MDC, MIP-1α, TNF receptor 2, IL-18, MCP-1, IL-8, MIP-1β, CD40, ENA 78, VEGF, myeloperoxidase, IL-16, IL-1 receptor agonist), coagulation factors (lipoprotein(a), factor VII, PAI-1), metabolic factors (apolipoprotein A1, adiponectin), hematologic factors (ferritin, myoglobin), and other factors (insulin, cancer antigen 125, SGOT, and SHBG). In both datasets, less substantial changes in these markers were observed in the golimumab monotherapy treatment group as compared with the golimumab plus MTX groups, indicating a stronger modulation of the overall biomarker response for golimumab treatment in combination with MTX compared with golimumab monotherapy.
Distinct changes in biomarker profiles were observed for golimumab-treated patients who were ACR 20 responders and nonresponders at week 14 ( Figure 2 ). In the training dataset, ACR 20 responders had significantly greater decreases from baseline to week 4 in 16 markers compared with nonresponders. Significant differences between responders and nonresponders also were found in the test dataset for seven of these markers. Apolipoprotein C3, bFGF, and VEGF levels were the only markers for which significant differences were observed between ACR 20 responders and nonresponders in the test dataset but not in the training dataset ( Figure 2 ). Similar markers were modulated between ACR 20 and ACR 50 responders and nonresponders.
Associations between biomarker levels and clinical endpoints in golimumab/golimumab plus MTX-treated patients Associations (odds ratio values) between biomarker levels and several clinical endpoints are summarized in Table 2 . In the training dataset, only baseline levels of two markers (pyridinoline and von Willebrand factor) were significantly associated with selected clinical response measures in golimumab-treated patients. Baseline von Willebrand factor levels were associated with ACR 20 and ACR 50 responses at week 14, whereas baseline levels of pyridinoline were associated with ACR 20 responses only at week 14. Changes from baseline to week 4 in selected markers (including α 1 -antitrypsin, complement 3, ENRAGE, haptoglobin, hyaluronic acid, IL-8, IL-16, MMP-3, pyridinoline, PAI-1, serum amyloid P, and thyroxine-binding globulin) were also associated with clinical response measures at week 14.
In the test dataset, baseline levels of apolipoprotein C3, hyaluronic acid, IL-6, IL-8, MMP-3, and myeloperoxidase were associated with ACR 20, ACR 50, and DAS 28 responses at week 14. An evaluation of biomarker changes from baseline to week 4 yielded a set of markers similar to that identified in the training dataset (including α 1 -antitrypsin, apolipoprotein C3, bFGF, carcinoembryonic antigen, CRP, ENRAGE, haptoglobin, hyaluronic acid, IL-6, IL-16, ICAM-1, lipoprotein (a), MMP-3, MIP-1α, serum amyloid P, stem cell factor, TIMP-1, and VEGF) that were associated with clinical response at week 14 ( Table 2) . 
Comparisons of predictive values of CRP versus combination of markers
With a logistic regression analysis, the best combination of markers (based on change from baseline to week 4) that were associated with ACR 20 and ACR 50 responses at week 14 is listed in Table 3 . This combination includes seven markers, several of which have not been shown to be associated with RA or response to anti-TNF-α treatment. The change from baseline to week 4 in hyaluronic acid and apolipoprotein C3 were the strongest predictors of ACR 20 response at week 14, followed by baseline levels of rheumatoid factor.
Only three of these markers (hyaluronic acid, apolipoprotein C3, and IL-16) plus haptoglobin, swollen and tender joint count at baseline, and anti-CCP antibodies were identified as important factors in the prediction of ACR 50 response. Despite being included as one part of the ACR-response criteria, CRP was important for ACR 20 response prediction, but not for ACR 50 response. The NPV and PPV values for CRP alone were lower than the best combination of markers for prediction of ACR 20 and ACR 50 responses, indicating that it is possible for a panel of markers to outperform CRP in monitoring the responsiveness of patients to anti-TNF-α treatment. ESR analyses were slightly less predictive of ACR 20 or ACR 50 responses than was CRP (data not shown).
Associations between biomarker levels and health-related quality-of-life outcomes
We examined the associations between biomarker levels and patient reported measures of health-related quality of life (SF-36) and fatigue (FACIT-F). We previously showed that RA patients treated with golimumab with or without MTX showed significantly greater improvement from baseline in SF-36 physical and mental component scores (PCS and MCS) and FACIT-F scores compared with placebo plus MTX at week 14 [15] . In the current study, although several significant associations were found between selected biomarker levels and FACIT-F and SF-36 scores in the training dataset (Table 4) , most of these findings were not reproduced in the test dataset, possibly because the original sample size was very limited. In the combined dataset, associations between lower baseline levels of α-antitrypsin, ICAM-1, TIMP-1, and von Willebrand factor and improvement in PCS at week 14 were observed. Low levels of ENRAGE at baseline were also associated with improvement in FACIT-F scores at week 14. Decreases from baseline to week 4 in CRP, ENRAGE, and IL-6 levels were associated with improvement in PCS, and decreases in MMP-3 levels were associated with improvement in MCS.
Discussion
In this study, we evaluated an array of 107 serum proteins and showed that golimumab treatment with or without MTX is effective in modulating certain acute phase reactants (CRP, α 1 -antitrypsin, von Willebrand factor, and haptoglobin), inflammatory markers (IL-6 and ENRAGE), and other selected proteins (bFGF, apoliprotein C3, and serum amyloid P) in two separate datasets from the same study of patients with inadequate responders to MTX. The robustness of the analyses can be attributed to the minimal variability observed Figure 1 Biomarker heatmaps for significant differences between baseline and week 4 for test and training datasets. Heatmaps representing biomarkers that were significantly different between baseline and week 4 for any of the treatment group for the training (a) and test (b) datasets. In the test dataset, only patients treated with golimumab were evaluated. Colors represent ranges of mean log 2 transformed biomarker levels at each time point (see legend for ranges). between the different platforms used for testing levels of these proteins (Rules-Based Medicine, Luminex, and ELISA). Thus, this provided us with a high level of confidence in the reproducibility of the changes and associations observed.
In the golimumab-treated patients, ACR 20 and ACR 50 responders displayed a distinct serum protein signature as compared with nonresponders, which confirms the importance of the significant markers (IL-6, CRP, haptoglobin, IL-16, VEGF, bFGF, ENRAGE, hyaluronic acid, and MMP-3) in the rheumatologic disease processes. Further, strong associations were shown between the levels of some of these markers (at baseline and changes from baseline to week 4) and response to multiple clinical measures (ACR 20, ACR 50, and DAS 28) after 14 weeks of treatment. In this study, we were also able to show significant associations between changes in measures of patient reported outcomes (SF-36 and FACIT-F) and the changed levels of some of the markers in patients treated with golimumab. The results revealed a link between improvements in disease markers of inflammation and improvement in patient reported outcome measures.
Vascular endothelial growth factor
Matrix metalloproteinase-3 Good evidence exists for the role of several of these markers in perpetuating disease in RA patients. Markers such as CRP [16] , haptoglobin, apolipoprotein C3 [17] , and ENRAGE [18] have been associated with the early, acute phase responses that occur in RA. Additionally, Charles-Schoeman and colleagues [17] showed that patients with RA with proinflammatory high-density lipoprotein (HDL) exhibit increases in haptoglobin and apolipoprotein levels as compared with patients with anti-inflammatory HDL.
In contrast to the acute-phase response markers, IL-6, IL-16, fibroblast growth factor (FGF), VEGF, hyaluronic acid, and MMP-3 have all been linked to the structural changes that occur during disease progression in RA. IL-6 levels in synovial fluid have previously been associated with local joint-activity score [19] in addition to swollen/ tender joint counts in RA [20] . Recent data by Warstat et al. [21] showed that synovial fibroblasts from RA patients stimulated with transforming growth factor-β1 on laminin 111 exhibit increases in IL-16 gene expression as compared with osteoarthritis synovial fibroblasts. FGF has been shown to have a role in both matrix synthesis and degradation. Elevated levels of FGF in cartilage have been associated with not only arthritic disease leading to joint destruction [22] , but also in mediating cartilage regeneration [23] . VEGF expression is induced by hypoxic conditions that occur in the RA joint, and osteoclast expression of VEGF is mediated through NF-B [24] . Further, fibroblast-like synoviocytes under hypoxic conditions exhibit elevated MMP-3 levels [25] , and a polymorphism in the MMP-3 gene has been shown to be associated with radiographic progression [26] . Elevated levels of hyaluronic acid have been observed in serum from RA patients, and this correlated with clinical parameters [27, 28] . Together, this information provides support for the role of these markers in RA disease pathogenesis. All biomarker values were log transformed before inclusion in the models. Model accuracy (sensitivity, specificity, NPV, PPV) was estimated by using cross validation. b Weights are the coefficients in the logistic regression model. Odds ratios are the exponential of the weights. Multivariate P values are the P values when all of the terms are included in the model. ACR, American College of Rheumatology; anti-CCP, cyclic citrullinated peptide; CRP, C-reactive protein; NPV, negative predictive value; NR, nonresponder; PPV, positive predictive value; R, responder; STJC, swollen and tender joint count.
The combination of markers in our model (based on early changes from baseline to week 4 values) was superior to CRP alone in predicting response to golimumab treatment. These markers included CRP, hyaluronic acid, bFGF, apolipoprotein C3, rheumatoid factor, IL-16, and IL-6; however, the NPV and PPV values were not indicative of a strong prediction of response. Results published by Hueber et al. [29] identified a 24-serum marker signature that was also weakly predictive of response to etanercept treatment. Further, with the exception of IL-6, none of these markers overlapped with the markers that we have identified in the current study.
Several limitations existed in the study. First, the number of patients in the training dataset was small, making it difficult to reproduce findings in the larger test dataset. Also, it would have been useful to have an earlier collection of samples prior to week 4, enabling identification of earlier, and perhaps stronger, associations between biomarker levels and clinical measures of response. We also observed very low CRP values in patients, and this made it difficult to show further reductions and correlations. An earlier collection of samples would have led us to a better understanding of the fluctuations of specific markers in response to treatment and in relation to changes in disease activity. Lastly, a stronger analysis might have been possible by including profiling of RNA from peripheral blood mononuclear cells, enabling the evaluation of an even larger number of analytes and the inclusion of other key molecules in the TNF-α pathway [30] .
Conclusions
Clearly, a clinical response to golimumab involves modulation of several RA disease processes, including those involved in the acute and inflammatory phase of disease, as well as downstream aspects relating to bone and cartilage metabolism and destruction. The results of this study from two separate datasets showed strong associations between selected biomarker levels and improvement in a variety of clinical-response measures after treatment with golimumab. Baseline levels of markers were not consistently associated with future response to golimumab therapy. The best set of markers associated with response to golimumab treatment included week-4 changes from baseline; however, even these markers were unable to achieve high enough specificity and sensitivity to be routinely useful predictors. Thus, additional testing of serum and other types of markers from other studies will be needed to identify additional molecules that can either be added to strengthen this panel or be used independently as predictive markers in the management of patients with RA who are treated with anti-TNF-α therapies. Table 4 Odds ratios for associations between biomarker levels (baseline and changes from baseline to week 4) and outcome measures of fatigue (FACIT-F) and healthrelated quality of life (SF-36) at week 14 for the training and test golimumab/golimumab + MTX datasets Odds ratios show association between biomarker levels (baseline or changes from baseline to week 4) and whether FACIT-F, SF-36 mental component summary score, or SF-36 physical component summary score was above or below the median. Only biomarkers for which at least one association was <0.05 are shown. 
